ABSTRACT: Proteases play a vital role in both the life cycle of parasites and the parasite-host relationship and are considered important virulence factors. In the present study, the presence of proteases with collagenolytic activity was investigated in the fish nematode Hysterothylacium aduncum during in vitro development. Collagenolytic activity was found in all studied developmental stages of the nematode (third [L3] and fourth [L4] larval stages and adults). In L3, the activity was maximum at pH 6.5 and, in the other stages, at 7.0. Pepsin is known to favour in vitro development of the worm, but, in this study, collagenolytic activity was shown to be significantly greater when no pepsin was added to the culture medium (at pH 6.5, p = 0.011). At pH 7.0, most activity was observed in the immature adult, after the final moult, suggesting that the collagenolytic activity may be involved in remodelling of the cuticle and in sexual maturity. On the other hand, at pH 6.5, activity may be related to tissue migration by L3 within the host. Using specific inhibitors, it was demonstrated that most of the collagenolytic activity detected in all the developmental stages was due to metalloproteases (40 to 100%), although serine proteases were also detected in L4 and adults (10 to 30%). 
INTRODUCTION
Hysterothylacium aduncum is a parasitic anisakid nematode of crustaceans and fish worldwide, in both fresh-and salt water. Although it does not seem to have any severe consequences for adult fish, González & Carvajal (1994) have suggested that the stress experienced by the fish may facilitate the development of secondary infections that can prove fatal. Furthermore, in juvenile and larval fish, high mortality may result (Bristow 1990 , Balbuena et al. 2000 , with a concomitant adverse effect on the economy. In humans, a case of non-invasive anisakidosis caused by an immature female has been described (Yagi et al. 1996) , as have cases of food allergy in which the patient showed hypersensitivity to H. aduncum antigens (Valero et al. 2003) .
The life cycle of an anisakid, such as Hysterothylacium aduncum, is complex. Their definitive hosts tend to be large teleost fish, while crustaceans and smaller fish act as first and second intermediate hosts, respectively (Andersen 1993 , Køie 1993 . However, numerous paratenic hosts may be involved in this cycle (Klimpel & Rückert 2005) . In our laboratory, we have developed an in vitro culture system that permits the development of the parasite from the third larval stage (L3), collected from an intermediate/paratenic host fish, to mature adult, and in which it is clear that pepsin is necessary for the complete development of the nematode (Iglesias et al. 2002 , Adroher et al. 2004 ).
Proteases play a very important part in both the life cycle of parasites and the parasite-host relationship and are considered to be important virulence factors. In a previous study, we described the presence of cathepsin-like cysteine proteases in Hysterothylacium aduncum, which may be involved in nutrient digestion and moulting (Malagón et al. 2010) . In nematodes, collagenases may be involved in the formation and degradation processes of the cuticle, although they would first need to be activated and secreted (Lee 2002) . In Haemonchus contortus a metalloprotease with collagenase activity has been described, which degrades the cuticle sheath isolated from the parasite and is found in the fluid between the new and old cuticles, facilitating escape from the latter during ecdysis in the second moult (Gamble et al. 1989) . Other proteases with collagenase activity are also involved in nematode moulting (Page 2001) .
L3 Hysterothylacium aduncum migrate from the digestive tract to the mesentery and the peritoneal cavity, and, sometimes, to the muscle tissue of the host (Rello et al. 2008 (Rello et al. , 2009 ). Since tissue-migrating parasites use both mechanical and enzymatic processes for host tissue penetration (Karanu et al. 1993) , they must have the 'tools' required to degrade the components of the extracellular matrix, as in the case of Strongyloides stercoralis ).
To date, collagenases have not been described in Hysterothylacium aduncum. The aim of the present study was to detect collagenolytic activity and observe its variation during the in vitro development of this nematode from L3, recently collected from the intermediate/paratenic host fish, to the mature adult stage.
MATERIALS AND METHODS
Collection of L3 nematodes and cultivation. L3 Hysterothylacium aduncum were collected from horse mackerel Trachurus trachurus L. purchased at the fish market in Granada (southern Spain). The worms were processed as previously described (Malagón et al. 2009) . The larvae were then identified according to morphological features (Yoshinaga et al. 1987 , Petter & Maillard 1988 . No molecular techniques were needed, since no cryptic sibling species were detected by Klimpel et al. (2007) . Next, a number of larvae were frozen (-80°C) for enzyme determination (L3-0h). The rest of the larvae were axenized (according to Iglesias et al. 1997 ) and individually placed in culture at 15°C, in a modified RPMI-1640 medium with pepsin and foetal bovine serum added (Iglesias et al. 2002) .
Preparation of the extract and protein determination. The following samples were taken, washed for 20 min in 0.9% NaCl solution and frozen (-80 °C) for enzyme determination: L3 from fish (L3-0h, 30 larvae ml -1 extract), L3 after 48 h of cultivation (L3-48h, 25 larvae ml -1 extract), L4 after 14 d of cultivation (L4, 12 larvae ml -1 extract), immature adult after 21 d of cultivation (iAdult, 6 worms ml -1 extract), and mature adult after 42 d of cultivation (mAdult, 3 worms ml -1 extract). To determine whether the pepsin in the culture medium affected proteolytic activity, a control was prepared with parasites cultivated without pepsin during the week prior to collection, except L3-48h, which were collected after 48 h in a culture without pepsin. Worm extract was prepared as described elsewhere (Malagón et al. 2010 ) and was then centrifuged at 18 000 × g for 15 min at 4°C; the supernatant was assayed for protein concentration using the Bradford (Bradford 1976) method and stored at -80°C.
Enzyme determination. The parasite extracts (20 µl of extract containing 6 µg of soluble protein) were diluted to a final volume of 0.2 ml in the following buffers with pH increments of 0.5 ± 0.05: 50 mM piperazin-1, 4-bis(2-ethansulfonic acid) (PIPES):NaOH (pH 6.0 and 6.5) and 50 mM Tris:HCl (pH 7.0 to 8.0). Each buffer contained 5 mM CaCl 2 and the fluorogenic substrate DQ-collagen Type I from bovine skin (fluorescein conjugate purchased from Molecular ProbesInvitrogen) at a final concentration of 25 µg ml -1
. NaCl is added to buffer, as necessary, in the concentration needed to achieve the ionic strength of a 0.15 M NaCl solution, taking into account the ions produced by the buffer and the CaCl 2 . Reactions were incubated at 37°C for 100 min and measured every 2 min. Cleavage of fluorescein conjugate was detected using a fluorimeter with λ excitation at 485 nm and λ emission at 538 nm. Control assays were with collagenase Type IV from Clostridium histolyticum (EC 3.4.24.3). Enzyme activity was expressed as fluorescence relative units (FRU) per minute per milligram protein. Preliminary assays were carried out between pH 5.0 and 9.0. Higher activity and substratum stability were shown between pH 6.0 and 8.0.
Inhibition assays. Protease inhibitors were assayed using the fluorogenic substrate DQ-collagen Type I from bovine skin (fluorescein conjugate) by modifications of previously described methods (García-Carreño 1992 , Beynon & Salvesen 2001 , Salvesen & Nagase 2001 . Inhibitors were tested at final concentrations of 2 mM (1,10-phenanthroline), 0.05 mM [L-trans-epoxysuccinyl-leucylamide-(4-guanidine)-butane or E64] and 1 mM [4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride or AEBSF]. Control assays were with papain (EC 3.4.22.2) for E64, α-chymotrypsine (EC 3.4.21.1) for AEBSF and collagenase Type IV (EC 3.4.24.3) for 1,10-phenanthroline. The parasite extracts were mixed during 45 min with the inhibitors prior to adding substrate. As controls, parasite extracts were premixed with methanol 0.5%, the solvent for 1,10-phenanthroline (water was the solvent for other inhibitors). Reactions were allowed to proceed, and the protease activity was determined as described above. Inhibition assays were performed at the optimal pH values for the collagenolytic activity according to worm development stage: pH 6.5 for L3 (L3-0h; L3-48h) and pH 7.0 for L4 and immature and mature adults. The effect of inhibitors was expressed as a percentage of inhibition (%I), determined as:%I = 100 -[(mean ΔFRU min -1 mg -1 protein in the presence of the inhibitor/mean ΔFRU min -1 mg -1 protein in the absence of the inhibitor) × 100].
Statistical methods. The data were processed using SPSS software (Version 14.0 for Windows). Values were tested for significance by 1-or 2-way ANOVA, depending on variable number; when ANOVA was not applicable, the data were tested using the KruskalWallis (K-W) nonparametric test for 'k' independent samples. When the data were statistically significant, post hoc multiple comparisons by pairs were performed using Bonferroni's test for the ANOVA or Tamhane's T2 test (for unequal variances) and MannWhitney's U-test with Bonferroni's correction for the Kruskal-Wallis test. The significance level was p < 0.05. Fig. 1 shows the activity of the soluble somatic extract of Hysterothylacium aduncum against DQ-collagen Type I as a function of pH and development stage of the parasite. Activity was detected in all the stages sampled and at all pHs within the range studied (6.0 to 8.0). This is the first time that collagenolytic activity has been demonstrated in this nematode. Significant differences were found between parasites cultivated with and without pepsin (2-way ANOVA, p < 0.001), enzymatic activity being greatest in the latter, although the activity profiles were similar throughout. In other nematodes from the same family, such as Anisakis simplex, serine and metalloprotease activity have been demonstrated in their excretion-secretion (ES) products, sufficient to degrade the collagen in the connective tissue of an extracellular matrix (Sakanari & McKerrow 1990) . The connective tissue of the gastrointestinal tract contains collagen Type I, the substrate used in the present study. So, if the parasite secretes enzymes with collagenase activity, it will be able to pass through the extracellular matrix, thus facilitating its passage through the intestinal wall or other tissues and its return to the digestive tract after spending time in the body cavity (Andersen 1993 , Iglesias et al. 2002 . As a function of pH, the activity profile showed at least 2 different activities. In L3 of H. aduncum we demonstrated collagenolytic activity with a slightly acidic optimum pH (pH 6.5), while in the other development stages, L4 and adult, the optimum pH was neutral (pH 7.0). This collagenolytic activity could be used by L3 in tissue migration, since it is the only stage of the parasite that migrates through tissues. Fig. 2 shows activity at optimum pHs in different development stages of the nematode. At pH 6.5, it can be seen that L3, found in the peritoneal cavity of the intermediate/paratenic host fish, showed low activity, which more than doubled after 48 h in culture without pepsin (L3-48h), decreasing by around 20% in the next stage (L4), returning to the highest levels in the immature adult stage to then decrease by around 30% in the mature adult stage. The activity detected in L4 and the adult stages was probably due to the residual activity of that observed at pH 7.0, as suggested since the activity curves at both pHs were parallel (note peaks in Fig. 1 and small panel in Fig. 2) . When activity was measured in worms cultivated with pepsin it decreased from a maximum at L3-48h (25% greater than in L3) to a minimum in mature adults, where activity was 30% lower than in L3 parasites recently collected from the host. At pH 6.5, the collagenase activity of the parasites cultivated with pepsin was significantly lower than in those cultivated without pepsin (2-way ANOVA, p = 0.011). The presence of pepsin in the developmental medium of the worm seems to inhibit collagenase expression. So, the absence of pepsin may be a signal for L3 to start to express collagenases after leaving the stomach of the intermediate/paratenic host fish and commencing tissue migration. In fact, pepsin has already been shown to be necessary for development to adult stage in Hysterothylacium aduncum when added to the culture medium at pH 4.0 (Iglesias et al. 2002) . Thus, a possible role in vivo may be to inhibit tissue migration, allowing the parasite to continue its development in the gut of the host fish. These changes in the expression and/or activity of metalloproteases with collagenolytic activity and involved in tissue invasion have previously been described in other nematodes such as Strongyloides stercoralis, S. venezuelensis and Ancylostoma caninun , Brindley et al. 1995 , Zhan et al. 2002 , Maruyama et al. 2006 . At pH 7.0 (Fig. 2) , it can be seen that the L3-0h showed low activity, increasing to a maximum after the final moult (M4), in immature adults (3-fold that of L3), and then decreasing by 35% in mature adults. When cultivated with pepsin in the medium the activity profile was parallel but considerably lower (Fig. 2) . Collagenases may also be involved in other processes such as the formation of new and the degradation of old cuticle in nematodes. In Haemonchus contortus a collagenase that attacks the isolated sheaths of the worm during ecdysis of M2 has been detected (Rogers & Brooks 1976 , Rogers 1982 , Sommerville 1982 and later identified as a metalloprotease (Gamble et al. 1989) . Metalloaminopeptidase activity has also been detected in Anisakis simplex, and its involvement in moulting has been suggested (Sakanari & McKerrow 1990) . In the present study, most of the collagenase activity detected in Hysterothylacium aduncum was sensitive to 1,10-phenanthroline, a specific metalloprotease inhibitor (Fig. 3) . Total inhibition occurred in L3-48h cultivated with pepsin, but decreased in subsequent development stages, remaining at around 60%. Inhibition was significantly lower for worms cultivated without pepsin (2-way ANOVA, p = 0.002), although with the same profile, being around 80% in L3 (L3-0h and L3-48h) and between 40 and 60% in the subsequent stages. The serine protease activity inhibited by AEBSF showed no significant differences between worms cultivated with pepsin and those without (K-W, p = 0.703), did not appear in L3, but was present in the other development stages, showing similar values throughout (between 10 and 20%). Inhibition of cysteine proteases by E64 was very slight (< 5%) and only in mature adults cultivated without pepsin. In Angiostrongylus cantonensis, another nematode that needs to pass through the intestinal wall to initiate its migration through the host, collagenolytic activity associated with metallo-and serine proteases released by the worm has been detected (Lee & Yen 2005) . Petralanda et al. (1986) , working with infective larvae of Brugia malayi, found high collagenase activity in ES products, but only associated with metalloproteases, although collagenolytic activity was also detected in extracts of adults of this species and of another filarian Onchocerca volvulus. These observations led the authors to suggest a possible role of this enzyme in the migration of filarial worms through tissues and also to maintain the integrity of the cuticle. In the present study, optimum activity was found at pH 6.5 and 7.0. If the pH is acidic in the intestinal lumen of the parasite, as has been suggested for other nematodes (Van den Bossche & Borgers 1973 , Williamson et al. 2003 , Delcroix et al. 2006 , these collagenase activities would probably not take place in the worm's intestine. It would be more likely to take place either in the exterior, in L3, to aid migration through tissues, as in the case of Ancylostoma caninum (Williamson et al. 2003) and/or to act on the cuticle from within the parasite during successive moults. Activity was greater in the medium without pepsin (Figs. 1 & 2) , attaining a maximum in immature adults, coinciding with a period in which the worm doubles in size and must generate cuticle and other structures to support this growth (Yoshinaga et al. 1987 , Iglesias et al. 2002 . Enzymes have been found in the epidermis of the adult stage of Ascaris suum which are involved in the synthesis of collagen for the cuticle, in spite of there being no further moults (Chvapil et al. 1970) . In the present study, the collagenases inhibited by 1,10-phenanthroline, i.e. metalloproteases, showed a decrease in relative activity in the culture medium without pepsin, with a greater percentage of collagenase activity not inhibited by either of the inhibitors employed (Fig. 3) . This prompts the hypothesis that the relative scarcity of nutrients of proteinic origin that could be assimilated by the parasite in the medium without pepsin may lead the worm to search for alternatives through the expression of proteases with collagenolytic activity. This has previously been proposed for filarians (Petralanda et al. 1986) , and would tend to compensate for the lack of nutrients caused by the absence of pepsin and/or the products generated by it. In fact, in the free-living nematode Caenorhabditis elegans, the presence of metalloproteases with collagenolytic activity and digestive function has recently been detected (Mohrlen et al. 2003) . The modulation of collagenolytic activity at pH 7.0 during the development of Hysterothylacium aduncum may indicate that this activity is directly related to the maturation of the nematode, since, on attaining sexual maturity (mAdult), it showed a notable decrease (Figs. 1 & 2) .
RESULTS AND DISCUSSION
To summarize, 2 collagenase activities with different optimum pH values were detected, and these were highly sensitive to metalloprotease inhibitors. That found in L3 may be related to the remodelling of the cuticle and with tissue migration within the host, typical of the ascaridoids and other nematodes. The other, found in L4 and adults, may be related to the remodelling of the cuticle during moulting and the growth of the parasite. Further research would be required to characterize these collagenases and to determine their precise role in the life cycle and development of this parasitic nematode and their possible pathological effect on the host fish. 
